In the ovary, initiation of follicle growth is marked by cuboidalization of flattened granulosa cells (GCs). The regulation and cell biology of this shape change remains poorly understood. We propose that characterization of intercellular junctions and associated proteins is key to identifying as yet unknown regulators of this important transition. As GCs are conventionally described as epithelial cells, this study used mouse ovaries and isolated follicles to investigate epithelial junctional complexes (tight junctions [TJ], adherens junctions [AJ], and desmosomes) and associated molecules, as well as classic epithelial markers, by quantitative PCR and immunofluorescence. These junctions were further characterized using ultrastructural, calcium depletion and biotin tracer studies. Junctions observed by transmission electron microscopy between GCs and between GCs and oocyte were identified as AJs by expression of N-cadherin and nectin 2 and by the lack of TJ and desmosome-associated proteins. Follicles were also permeable to biotin, confirming a lack of functional TJs. Surprisingly, GCs lacked all epithelial markers analyzed, including Ecadherin, cytokeratin 8, and zonula occludens (ZO)-1alpha+. Furthermore, vimentin was expressed by GCs, suggesting a more mesenchymal phenotype. Under calcium-free conditions, small follicles maintained oocyte-GC contact, confirming the importance of calcium-independent nectin at this stage. However, in primary and multilayered follicles, lack of calcium resulted in loss of contact between GCs and oocyte, showing that nectin alone cannot maintain attachment between these two cell types. Lack of classic markers suggests that GCs are not epithelial. Identification of AJs during GC cuboidalization highlights the importance of AJs in regulating initiation of follicle growth.
INTRODUCTION
Soon after birth, mouse ovaries are endowed with a lifetime's supply of follicles, which remain small and immature before growth is initiated. Throughout reproductive life, a number of follicles are activated to grow and undergo considerable morphogenetic change as they proceed toward ovulation, including growth of the central oocyte, change in the shape of the enveloping somatic granulosa cells (GCs), increased GC proliferation, establishment of multiple GC layers, and formation of a fluid-filled antrum [1] [2] [3] [4] .
The signal that triggers a specific follicle to start growing remains poorly understood, and remarkably little is known about the cellular events involved in the change in GC shape as follicles initiate growth. Cell shape has been shown to regulate cell proliferation in mouse GCs [3] and steroidogenesis in rat GCs [5] . In other cell types, cell shape regulates DNA synthesis, gene expression, differentiation, and apoptosis [6] [7] [8] [9] [10] [11] [12] . Generally, change in cell shape is orchestrated by changes in intercellular junctions and the architecture of the cytoskeleton, which also affect cell polarity and the orientation of mitotic axes [13] [14] [15] . We have recently shown that the latter aspect is a key feature of early follicle growth in the mouse [3] . Furthermore, the polarity of cuboidal GCs and the fact that they are basally anchored to a basement membrane in small follicles implies an epithelial phenotype. However, the cytoskeleton and intercellular junctions in GCs have not been well characterized, particularly at preantral stages of follicle development.
Typically, epithelial cells are characterized by junctional complexes between adjacent cells (Fig. 1) , which consist of an apical-basal membrane sequence of a tight junction (TJ), an adherens junction (AJ), and desmosome [16] . TJs are multiprotein complexes that regulate the passage of solutes via the paracellular pathway and partition apical and basolateral plasma membrane domains. TJs consist of transmembrane adhesion molecules such as claudins, occludin, and junctional adhesion molecules (JAMs). Cytoplasmic scaffolding proteins such as zonula occludens (ZO-1, ZO-2, and ZO-3 [official symbols TJP1, TJP2, and TJP3]) and afadin (official symbol MLLT4) bind TJs to the cytoskeleton [17, 18] . A number of these molecules, including ZO-1 and ZO-2, are also involved in nuclear signaling [19] . In addition there are other TJ proteins involved in gene regulation and signaling, such as cingulin (official symbol CGN), that regulates RhoGTPases [20, 21] and the transcription factor ZO-1-associated nucleic acid binding (ZONAB) protein (official symbol CSDA) that binds to ZO-1 and regulates proliferation of epithelial cells [22] [23] [24] .
AJs are typically more basal than TJs and, as well as having a role in cell adhesion, are also thought to be involved in signaling events [25] . The important adhesion molecules associated with AJs are cadherins and nectins. The bestcharacterized cadherins are E-cadherin (official symbol CDH1), which is expressed in all epithelium, and N-cadherin (official symbol CDH2), which is found in neural tissue and muscle [26] . Cadherins are calcium-dependent transmembrane proteins linked to the actin cytoskeleton via the intracellular proteins b-catenin and a-catenin (official symbols CTNNB1 and CTNNA1, respectively) [27] . Nectins (variants 1-4 [official symbols, PVRL 1-4]) are calcium-independent transmembrane proteins and are able to bind to the actin cytoskeleton via the cytoplasmic protein afadin [28] . Two recent studies in human and hamster have shown that Ecadherin is localized in oocytes while N-cadherin is confined to GCs [29, 30] . Earlier studies detected cadherin and catenin mRNA and protein in rat and mouse ovary [31] [32] [33] but did not specifically examine preantral follicles. A further study immunolocalized nectin 2 in primary mouse follicles, particularly to the oocyte-GC interface [34] .
Desmosomes provide strength to tissue and are abundant in tissues that are subject to mechanical stress such as epidermis and heart. They consist of the generally calcium-independent cadherin adhesion molecules desmocollin and desmoglein and link to intermediate filaments via a plaque of cytoplasmic linker proteins consisting of plakophilin, plakoglobin, and desmoplakin [35] .
Given the importance of intercellular junctions and cytoskeleton in cell shape change and the fact that GC cuboidalization is a key marker of initiation of follicle growth, a process requiring intercellular signaling, we hypothesized that a better understanding of cell-cell adhesion and cytoskeletal architecture in primordial and early developing mouse follicles would help pinpoint candidate growth triggers and regulators. Our objective was to identify, quantify, and localize intercellular junctions and associated molecules in whole ovaries and isolated follicles from mice. In addition we examined the architecture of the cytoskeleton in early follicles. We further characterized GC interactions and effectiveness of their barrier function by using calcium depletion and biotin tracer studies. Our results showed that AJs are key for follicle adhesion. Furthermore, the lack of classical junctions and associated proteins provide evidence that GCs are not truly epithelial.
MATERIALS AND METHODS

Tissue Collection
Whole ovaries and control tissue (oviduct, heart, skeletal muscle) were collected from female C57BL/6 mice and testes from male mice (Harlan Olac Ltd.) killed by cervical dislocation on Days 4, 12-16, and 21-25 and at 6 wk postpartum (pp). Mice were housed in accordance with the Animals (Scientific Procedures) Act of 1986 and associated Codes of Practice.
Whole ovaries and control tissue were fixed in 10% buffered formalin (Sigma Aldrich) for immunofluorescence analysis, frozen for cryostat sections [3] , snap-frozen in liquid nitrogen for mRNA analysis, or collected in amodified Eagle medium (a-MEM) (ovaries only; product no. 22561; Invitrogen) for follicle isolation. Follicles for gene profiling were mechanically isolated from ovaries, using 29G insulin needles or acupuncture needles (AcuMedic) in L15 medium (GIBCO Invitrogen) with 1% bovine serum albumin (Sigma Aldrich). Groups of follicles and oocytes were photographed and measured.
Transmission Electron Microscopy
Transmission electron microscopy was performed as described previously [3] . For the calcium-free studies, ovaries were embedded in Epon (TAAB Laboratories Equipment Ltd.) and examined using a Tecnai Spirit (FEI) electron microscope.
RT-PCR and Quantitative PCR
cDNA was prepared from whole ovaries/organs and from pooled follicles, oocytes, and GCs as described previously [36] . Primers were designed for junction-associated genes (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org) and a presence/absence PCR screen was performed using KAPA 2G Fast Readymix (LabTech International).
Quantitative PCR (qPCR) was performed with the ABI Step One system (Applied Biosystems) using KAPA SYBR Fast Mastermix (LabTech International). Duplicate reactions were performed in 20-ll volumes.
Standard curves for absolute quantification were prepared, and qPCR was performed as described previously [36] . Melt curve analysis was performed for every sample to ensure product-specific amplification. No-template (water) controls were also included for each primer set. Pooled follicles were analyzed on Day 12 (juvenile) and Day 21 pp (peripubertal).
Relative quantification was performed using ATP synthase subunit (product no. ATP5B; Primer Design Ltd.) as an internal reference gene, as mean expression values did not vary significantly between groups. The 2 ÀDDCT method was used to calculate relative expression levels compared to secondary follicles.
Immunofluorescence
Localization of junction proteins was assessed by immunofluorescence. During dissection of the ovary, we left the oviduct, with its luminal lining of columnar epithelial cells, attached to serve as an internal control within the same histological section.
Primary antibodies are summarized in Supplemental Table S2 . Ovaries were dehydrated, processed, and paraffin-embedded before being serially sectioned (5 lm). Dehydration and antigen retrieval were carried out as described previously [37] before incubation in an appropriate serum block (30 min), then in primary antibody overnight at 48C, followed by a 1-h incubation in a 1:200 dilution of appropriate secondary antibody conjugated with Alexa Fluor dye (Molecular Probes). Following a brief incubation in 1 lg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich) in water, slides were mounted with Prolong Gold antifade reagent with DAPI (Invitrogen) and analyzed using a confocal laser-scanning microscope (Leica SP5).
F-actin was localized in frozen sections with Alexa Fluor-555 phalloidin (90-min incubation; product no. A34055; Molecular Probes) before being mounted and viewed as described above. Nectin 2 was also assessed in frozen sections.
Calcium-Free Studies
The role of GC adhesion by calcium-dependent (cadherin-mediated) AJs was assessed by culturing ovaries in a calcium-free environment, using an approach previously described for small pieces of mouse epidermis [38] .
Surrounding bursa membranes and other structures were removed from ovaries prior to culture in calcium-free DMEM (21068, GIBCO Invitrogen) with 3 mM EGTA (Sigma) for 1, 2, or 3 h at 378C in 5% CO 2 . A 2-h incubation period was chosen as optimal without compromising follicle health. Control ovaries were cultured in basic a-MEM. Following culture, ovaries were fixed in 10% buffered formalin or processed for transmission electron microscopy analysis as described above. Immunofluorescence for N-cadherin, E-cadherin, b-catenin, and a-tubulin was performed as described above. 
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Biotin Tracer Studies
To analyze the presence of functional TJs in follicles, we assessed permeability by using a biotin tracer. Seminiferous tubules in testis have previously been shown to have an impermeable TJ-rich ''blood-testis'' barrier and therefore were used as a positive control in this experiment.
The approach used was as previously described for testis [39] . Testes and ovaries from 25-day-old mice were injected immediately after excision with 50 ll of EZ-Link Sulfo-NHS-LC-Biotin (10 mg/ml; Thermo Scientific) diluted in phosphate-buffered saline (PBS) with 1 mM CaCl 2 and cultured in the same solution for 30 min (378C in 5% CO 2 ) to allow biotin to perfuse. Control testes and ovaries were injected with PBS-1 mM CaCl 2 . Ovaries were fixed and sectioned as outlined above, followed by biotin detection using streptavidinconjugated Alexa Fluor 555 (Invitrogen).
Statistical Analysis
Relative expression levels of adhesion molecules were compared at five stages of follicle development by using a Kruskal-Wallis test with a Dunn post test using Graphpad Prism version 5.0 software. In order to compare the expression of a specific adhesion molecule in GCs with that in a classical epithelium, the oviduct, and the oocyte, these three groups were also compared by using a Kruskal-Wallis test with a Dunn posttest.
RESULTS
Ultrastructure
Transmission electron microscopy was used to examine ultrastructural changes in GC shape, to characterize intercellular junctions, and to determine if junctions were the same in mouse as has been described in other species [40] [41] [42] [43] [44] [45] . In primordial follicles, GCs were closely opposed to the oocyte and with each other at areas of overlap (Fig. 2, A, C, and D) . Filopodia, characteristic of early forming junctions where cell processes seek contact with neighboring cells and form AJ puncta [46] , were visible between GCs (Fig. 2C) . Junctions characterized by increased opacity of membrane and neighboring cytoplasm were observed between GCs and the oocyte and also between adjacent GC cells (Fig. 2 , B-F, and H). Similar junctions in other species have previously been described as desmosomes [41, 47] . However, the lack of both a characteristic midline and an extensive electron-dense cytoplasmic association with intermediate filaments typical of desmosomes led us to conclude that these junctions were not desmosomes and were more likely to be AJs.
Gap junctions were seen between GCs (Fig. 2F ), identified by their characteristic pentalaminar structure [45] . They were often associated with the junctions described above. No TJs were observed.
The first sign of cuboidalization was the formation of two wedge-shaped GCs, as adjacent membranes started to lengthen their contact (Fig. 2G) . As the follicle continued to grow, eruptions of the glycoprotein zona pellucida layer were seen between the oocyte surface and the GCs (Fig. 2H) . The zona pellucida became continuous with increasing follicle size and was densely traversed by transzonal processes (TZPs) emanating from the GCs and microvilli from the oocyte. Junctions with electron-dense areas were frequently observed at points of contact between these projections (Fig. 2I) .
In large preantral and antral follicles, there were differences between the shape of basal GCs lying on the basal lamina and that of the inner GCs lying closer to the oocyte. Basal GCs were tightly packed and polarized (Fig. 2J ). Inner GCs were round and loosely packed with wide intercellular spaces and no evidence of polarization (Fig. 2K ).
Cytoskeleton
The cytoskeleton plays a crucial role in changing and maintaining cell shape. Proteins associated with the three main
FIG. 2. Transmission electron micrographs of ovarian follicles in mouse.
A) Primordial follicle, showing two flattened GCs (gc) surrounding an oocyte (o) with a clear nucleus (n) and nucleolus (arrow). B) Columnar GCs lying on the basal lamina (arrow) surrounding a primary follicle. Note junctions between GCs (inset). C) Junctions between a flattened GC and the oocyte and adjacent GCs (black arrowheads) in a primordial follicle. Note filopodia (white arrowheads). D) Regularly spaced junctions between the oocyte and enveloping GC (black arrowheads). Junctions between adjacent GCs (black arrowheads) in a transitional follicle (E) and in an antral follicle (F) where gap junctions (gj, inset in F) were also observed. G) Wedge-shaped GCs showing the onset of cuboidalization (arrow) in a primordial follicle. H) Eruption of zona pellucida (zp) between GCs and the oocyte in a transitional follicle. Note junctions (black arrowheads) and TZPs (white arrowheads). I) Transitional follicle showing junction contact between TZPs (white arrowheads) and oocyte microvilli (black arrowheads). J) Tightly packed, polarized GCs lying on the basal lamina (arrow) in a multilayered follicle surrounded by theca (th). K) Loosely packed, spherical inner GCs, near the antrum in an antral follicle. Bars ¼ 100 nm (E), 500 nm (C, D, F, H, I), 2 lm (A, B, G, K), and 10 lm (J).
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cytoskeleton components (microfilaments, actin; microtubules, alpha-tubulin; intermediate filaments, cytokeratin 8 and vimentin) were therefore localized. Furthermore, both the expression and the architecture of the cytoskeleton were examined as GCs changed shape to identify which elements were central to this transition.
Cytokeratin 8 (official symbol KRT8, characteristic of epithelial cells) was expressed in GCs of primordial and transitional follicles. From the primary stage onward, cytokeratin 8 expression decreased and was confined to occasional puncta at the basal surface of the GCs, closest to the basal lamina (Fig. 3A) . As expected, cytokeratin 8 was strongly expressed in the ovarian surface epithelium (OSE). Vimentin mRNA and protein (official symbol VIM, characteristic of mesenchymal cells) were expressed at all stages of follicle development (Fig. 3 , G-I), with protein expression strongest at the earliest stages of follicle growth.
F-actin was localized cortically in both GCs and the oocyte from the primordial stage onward (Fig. 3 , B-D). Actin filaments were conspicuous in TZPs (Fig. 3C ). In addition there were pronounced puncta of actin between GCs in secondary and antral follicles (Fig. 3 , C and D).
The major microtubule protein alpha-tubulin lacked organization in primordial follicles, but in cuboidal GCs, alphatubulin-containing microtubules were abundant, running parallel to the long axis of the cell (Fig. 3 , E and F).
Expression of Adhesion Molecules and Associated Proteins
Ovaries taken from mice on Days 4, 12, and 21 pp contained significant numbers of primordial, primary, and secondary, and antral stage follicles, respectively, allowing analysis of successive stages of follicle development. At Day 42 pp, mice are sexually mature and have a full range of follicle stages. An initial RT-PCR screen was carried out using Day-4, -12, -21, and -42 ovaries for genes specific for AJs (Ctnnb1, Ctnna1, Cdh1, Cdh2, and Pvrl 1-4; commonly known as b-catenin, acatenin, E-cadherin, N-cadherin, and nectins 1-4, respectively), for TJs (F11r, Cgn, and Ocln; commonly known as JAM-A, cingulin, and occludin, respectively), and for desmosomes (Dsg2, desmoglein 2; and Dsc2, desmocollin 2) (Fig. 1) . Expression of genes involved with linking adhesion molecules to the cytoskeleton or signaling to the nucleus was also examined (Mllt4, Tjp1, -2, and -3, and Csda; commonly known as afadin, ZO-1, -2, and -3, and ZONAB, respectively). RT-PCR detected gene expression of all adhesion and associated proteins except for nectin 4 and ZO-3 in the ovaries of mice between 4 days and 3 wk of age (Supplemental Fig. S1A ; all Supplemental Data are available online at www.biolreprod. org).
To identify which genes were localized to follicles, further RT-PCR screening was carried out using mechanically isolated preantral and antral follicles and cumulus-oocyte complexes and GCs aspirated from antral follicles (Supplemental Figs. S1B and S2). The absence of ZO-3 and nectin 4 was consistent with PCR data from the whole ovary, but additionally, neither occludin nor ZO-1aþ were detected in isolated follicle samples.
To compare the abundance of follicle-expressed genes, we carried out qRT-PCR using isolated preantral follicles and oocytes (Fig. 4A) . Further qRT-PCR analysis was performed using isolated staged follicles, oviduct, aspirated antral GCs, and oocytes to compare relative levels of expression at different stages of follicle development and in different cell types (Fig.  4B) . Several genes that were highly expressed in oocytes (nectin 3, afadin, cingulin, ZO-1 a-, and ZONAB) showed , a-tubulin (red, E and F), and vimentin (red, G and H) in mouse ovary. Nuclei are labeled with DAPI (blue). White dotted line indicates basal lamina. A) Strong CK8 labeling in ovarian surface epithelium (ose) and primordial follicle (p), which decreases as follicles grow in size (arrows). Oocyte-specific VASA (official symbol DDX4) protein (red) delineates oocyte (o) cytoplasm. B) Cortical actin labeling in transitional follicles (t). C) Secondary follicle with actin rich transzonal processes (tzp), cortical actin in GCs (gc), and strong labeling in overlying theca cells (th). D) Multilayered follicle with cortical actin in GCs. Note strong actin puncta (arrows), suggesting the presence of junctions binding to the actin cytoskeleton. Disorganized expression of atubulin in primordial follicles (p; E), in contrast to the ''radial'' expression pattern observed in growing follicles (F). Vimentin expression was detected in small (G) and multilayered (H) follicles. Bars ¼ 10 lm. I) mRNA screen of vimentin in different cell types and at different follicle stages: O, oocytes; SF, small follicle; 28, secondary follicle; LP, large preantral follicle; A, antral follicle; COC, cumulus-oocyte complexes; GC, aspirated antral GCs; Ov, oviduct.
MORA ET AL. significantly higher expression at early stages than antral follicles. This was thought to be due to the decreasing amount of mRNA that is contributed by oocytes to the sample relative to that in an increasing number of GCs (and therefore increasing contribution) as the follicle develops.
After the RT-PCR screen, we examined key proteins representative of AJs (b-catenin, E-cadherin, N-cadherin, nectin 2, and afadin), TJs (JAM-A, cingulin, occludin, claudins 1, 3, and 11), and scaffolding or signaling molecules (ZO-1 and ZONAB) by immunofluorescence (Figs. 5 and 6 ). Positive controls of heart, oviduct, OSE, and testis cells were included. Single-channel images of colocalized proteins are shown in Supplemental Figure S3 .
Adherens Junctions
In the epithelial junctional complex, AJ formation precedes, and is thought to regulate, TJ and desmosome assembly [48] . AJs, composed of cadherins and nectins, tether the actin cytoskeleton to the cell membrane via cytoplasmic catenins and afadin, respectively. Protein and mRNA for molecules associated with AJs were abundantly expressed in follicles.
qPCR analysis of isolated follicle samples showed that expression of the nectin 2 (Pvrl2) and nectin 3 (Pvrl3) genes was detectable in follicles at all stages of development. However, in isolated oocytes, nectin 3 was highly expressed (Fig. 4B ), whereas nectin 2 was almost undetectable (Fig.  4Aii) , suggesting compartmentalization of the AJ component proteins.
Nectin 2 puncta were observed in the GC compartment from primordial to early antral stages at the GC-oocyte interface, TZP contacts, and between adjacent GCs (Fig. 5, C-E) . In antral follicles, nectin 2 was retained between polarized GCs close to the basal lamina but was no longer detectable in the inner GCs (Supplemental Fig. S4 ).
We next characterized the afadin (Mllt4) expression, a known nectin-interacting scaffolding protein. As afadin is expressed in two isoforms (s-and l-afadin), we focused on expression of l-afadin because, unlike s-afadin, it contains an actin-binding domain and is expressed ubiquitously. In both 5 ovaries) . B) Comparison of abundance of mRNA for junction and junction-associated molecules. Statistical analysis was performed between different follicle stages (samples contained 5-10 pooled follicles from a single ovary): SF, small follicle; 18, primary follicle; 28, secondary follicle; LP, large preantral follicle; A, antral follicle. Analysis was also performed between follicle cell types (GCs, granulosa cells; Oo, large oocytes) and the oviduct (ov). Each transcript was normalized to ATP5B and fold changes were calculated relative to 28 follicle expression (as described in Materials and Methods), a similar developmental stage as those presented in Figure 4Ai . Values are mean fold changes 6 SEM (n ¼ 5 ovaries). An asterisk indicates that the groups are significantly different from each other (P , 0.05).
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FIG. 5.
Immunofluorescence for proteins associated with adherens junctions. Left hand column shows relevant positive controls of ovarian surface epithelium (ose), oviduct, and heart. Labeling at oocyte-GC interface is indicated by white arrows, at GC-GC interface by black arrowheads, internalized in cytoplasm by white arrowheads, and present in nucleus by double arrowheads. White dotted line indicates basal lamina. C-E) Nectin 2 at oocyte-GC interface and GC-GC interface. F and G) Punctate afadin at oocyte-GC interface. Note internalized afadin which may be being trafficked to the oocyte surface, and strong nuclear labeling of afadin in oocyte nucleus. J-L) b-catenin (bcat) expression at oocyte-GC and GC-GC interfaces, and in oocyte cytoplasm in primordial follicles (J), developing secondary follicle (K), and multilayered follicle (L). b-catenin expression abuts that of afadin at oocyte-GC interface (M). In follicles, E-cadherin (Ecad) is only expressed at the oocyte-GC interface, colocalizing with b-catenin in puncta and in spots in the oocyte cytoplasm (P-Q). E-cadherin also colocalizes with ZO-1, afadin, and N-cadherin (R-T). N-cadherin is present at GC-GC interface and also puncta on oocyte membrane (W and X), colocalizing with b-catenin (Y). ZO-1 is expressed as puncta at GC-oocyte interface, including TZPs, and as long lines of expression at GC-GC interface (AC-AF). ZO-1 colocalizes with b-catenin (AC-AE), afadin (AG), and N-cadherin (Z) at the oocyte membrane, with some overlap between GCs (Z, AD, and AE); colored arrowheads indicate noncolocalization. gc, granulosa cell; o, oocyte; 18, primary follicle; p, primordial follicle; t, transitional follicle; zp, zona pellucida. Nuclei are labeled with DAPI (blue). Bars ¼ 10 lm.
intact follicles and large isolated oocytes, afadin was moderately expressed (Fig. 4A) and was significantly more abundant in oocytes than in GCs (Fig. 4B) . Both RT-PCR and immunofluorescence assays showed that afadin expression was abundant in the oocytes of primordial and transitional follicles (Figs. 4B and Fig. 5F ). The presence of numerous afadin puncta in both the cytoplasm and membranes of these oocytes suggested trafficking to the membrane and perhaps indicates membrane recycling and remodeling of these junctional complexes. Punctate expression of afadin was present in the oocyte membrane from the primary stage onward. In follicles with multilayered GCs, afadin was strongly expressed in the oocyte nucleus (Fig. 5G) , whereas weaker lines of immunolabeling were seen between some basal GCs lying on the basal lamina. Weak immunofluorescence staining is consistent with lower mRNA levels in GCs (Fig. 4B) .
Another component of AJs is the cadherins. E-cadherin (Cdh1) was shown by RT-PCR to be strongly expressed in isolated oocytes (Fig. 4A ) but absent from antral GCs (Supplemental Fig. S1B ). Consistent with these data, Ecadherin expression was completely undetectable in preantral follicles from which the oocyte had been removed by micromanipulation (data not shown). Immunofluorescence revealed that in follicles, E-cadherin was punctate in the membrane of the oocyte at all stages of follicle development (Fig. 5, P and Q) . Large spots of E-cadherin were observed in the ooplasm of larger follicles (Fig. 5Q ). E-cadherin colocalized with ZO-1 and afadin (Fig. 5 , R-S, and Supplemental Fig.  S3 ) and was strongly expressed in the oviduct and OSE (Fig. 5,  N and O) , colocalizing with b-catenin.
N-cadherin (Cdh2) mRNA was present in follicles at all stages of development but was barely detectable in isolated oocytes. Indeed, N-cadherin mRNA was significantly higher in GCs than in oocytes (Fig. 4, A and B) . N-cadherin was observed by immunofluorescence between the flattened GCs and the oocyte in primordial follicles as occasional lines of faint labeling. N-cadherin expression became distinct at the transitional stage, at the elongating membranes between wedge-shaped GCs, and was consistently observed at GC-GC contact at subsequent stages (Fig. 5 , W and X), colocalizing with b-catenin (Fig. 5Y) . N-cadherin colocalized with ZO-1 at the oocyte-GC interface and occasionally between GCs (Fig.  5Z and Supplemental Fig. S3 ). Interestingly, E-cadherin juxtaposed N-cadherin across the oocyte membrane, suggestive of a heterophilic interaction forming an AJ of mixed composition (Fig. 5T) . N-cadherin protein was present in heart intercalated disks and the OSE (Fig. 5, U and V) .
b-catenin (Ctnnb1) was the most abundantly expressed adhesion-associated molecule in isolated secondary follicles and was moderately expressed in oocytes (Fig. 4A) . The oocyte membrane showed punctate b-catenin expression at all follicle stages (Fig. 5, J-L) , and from the primary stage onward spots of cytoplasmic b-catenin staining appeared in the ooplasm (Fig.  5K) . b-Catenin was extensively expressed along the full lateral membrane of GCs, from the transitional stage onward (Fig. 5 , K and L), with frequent puncta of stronger staining between the GCs (Fig. 5, L and M) . At the oocyte-GC interface, b-catenin expression abutted that of afadin (Fig. 5M) . b-Catenin protein was expressed in the oviduct epithelium and OSE (Fig. 5, H 
FIG. 6. Immunofluorescence for proteins associated with TJs, including JAM-A (A-D), occludin (E-G), cingulin (H-L), claudin 1 (M and N), claudin 3 (O and P), claudin 11 (Q and R), desmoplakin (DP; S-U), and the signaling protein ZONAB (V) in oviduct (A, E, H, M, O, and S)
, ovarian surface epithelium (ose; B, I, P, and T), testis (F and Q), and follicles (C, D, G, J, K, L, N, P, R, U, and V). gc, granulosa cell; o, oocyte; p, primordial follicle. black arrowhead, gc membrane labeling; dotted line, basal lamina; double arrow, nuclear staining; white arrow, oocyte membrane labeling. Nuclei are labeled with DAPI (blue). Bars ¼ 10 lm.
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and I). a-Catenin (Ctnna1) mRNA was also expressed in follicles (Supplemental Fig. S1B ).
Tight Junctions
TJs regulate paracellular movement of molecules across epithelia. TJ-specific proteins include occludin, claudins, and JAMs and the cytoplasmic protein cingulin.
JAM-A (F11r) was one of the more abundantly expressed mRNAs in isolated follicles (Fig. 4A ) but was absent in oocytes (Figs. 4, A and B) . The expression of JAM-A mRNA and protein in follicles was low relative to that in the oviduct, a classic epithelium. JAM-A staining revealed only occasional puncta at the apicolateral membranes of some basal GCs of multilayered follicles (Fig. 6C) , in contrast to the strong and uniform expression on the apical aspect of both the oviduct epithelium and OSE (Fig. 6, A and B) . Staining was absent from less well developed follicles (data not shown). Immunofluorescence occasionally colocalized the JAM-A puncta with either b-catenin or ZO-1 (Fig. 6, C and D) .
Another TJ-specific gene, cingulin (Cgn), was detected in isolated whole follicles (Fig. 4A) , and qPCR revealed significantly higher expression in oocytes than in GCs (Fig.  4B) .
Immunofluorescence data were consistent with gene expression data, and showed strong punctate cingulin staining in the oocyte membrane with finer lines of labeling between GCs in multilayered follicles (Fig. 6, J-L) . Immunofluorescence also localized cingulin to the apical surface of the oviduct epithelium although the OSE stained weakly (Fig. 6, H and I). Occludin was barely detected in isolated oocytes and follicles at any stage (Fig. 4A) . Although readily detected by immunofluorescence in the oviduct and the basal layer of Sertoli cells in testis (Fig. 6, E and F) , no occludin (Ocln) was detected in follicles (Fig. 6G) .
As GCs and Sertoli cells share a common precursor cell type during gonadal development [49] , we also examined protein expression of TJ-specific proteins that have been well documented in testis, including claudins 1, 3, and 11. Claudins 1 and 3 but not 11 were expressed in oviduct epithelium (Fig.  6, M and O) . Claudin 3 and 11 were observed in testis (Fig. 6Q , claudin 3 not shown). However, there was no evidence of claudin 1, 3, and 11 protein in ovary (Fig. 6, N , P, and R).
Desmosomes
Molecules specific for desmosomes were not expressed in follicles. Desmoglein-2 (Dsg2) and desmocollin-2 (Dsc2) were chosen as they are generally coexpressed in all tissues containing desmosomes [35] . While Dsc2 and Dsg2 mRNA was detected at secondary and large preantral stages in the RT-PCR screen (Supplemental Fig. 1B) , qPCR showed that compared to mRNA levels of other adhesion and junctionrelated molecules, the levels of Dsc2 and Dsg2 mRNA were very low (Fig. 4A) . Immunofluorescence for desmoplakin, a key linker protein in desmosomes, showed punctate labeling in oviduct and OSE (Fig. 6, S and T) , but was undetectable in follicles at any stage (Fig. 6U) .
Scaffolding Proteins
Scaffolding proteins contain a number of binding domains that enable them to bind to many different junctional proteins, probably cross-linking them into larger arrays [18] . In addition to afadin, the ZO-1, ZO-2, and ZO-3 proteins are scaffolding proteins located at the cytoplasmic surface of both AJs and TJs (Fig. 1) . ZO-1 (Tjp1) has two isoforms, ZO-1a þ and a-, which differ by the presence or absence of an 80-amino acid region. The RT-PCR screen showed that ZO-1aþ and ZO-3 (Tjp3), which are expressed only in epithelial cells, were not expressed in follicles and that ZO-2 (Tjp2) was just detectable (Supplemental Fig. S1 ). In contrast, the ZO-1a-isoform that associates with more dynamic junctional complexes was highly expressed in oocytes and follicles, with expression being significantly higher in oocytes than in GCs (Figs. 4, A and B) . In follicles, ZO-1 protein was abundant at putative TZP contacts and formed large puncta at the oocyte surface, generally colocalizing with b-catenin and afadin. Morphologically, ZO-1a-was detectable as ''streaks'' between GCs (Fig.  5, AC-AG) , but in epithelium, appeared to mark the most apical intercellular interface in both oviduct epithelium and OSE (Fig. 5, AA and AB).
Nuclear Expression of ''Dual Residency'' Proteins
A number of proteins associated with intercellular adhesion are also involved in intracellular signaling by translocating to the nucleus and regulating gene expression. In addition to being present in the oocyte membrane, afadin was strongly expressed in oocyte nuclei and, to a lesser extent, in GC nuclei, particularly in GCs closest to the oocyte (Fig. 5, F and G) . Nuclear expression of b-catenin, ZO-1, and ZONAB was never observed in the ovary, suggesting that they are not involved in nuclear signaling during normal follicle development.
Calcium-Free Studies
Expression and localization data showed that cadherin and nectin proteins were abundantly expressed in both the somatic and germ cell compartments of the developing follicle. To determine the relative contribution of these proteins to the structural stability of the follicle, we undertook whole-ovary culture studies under calcium-free conditions. As cadherin adhesion is calcium-dependent and nectin adhesion is calciumindependent, manipulation of culture conditions would point to the relative contribution of these two proteins to adhesion.
Despite the lack of calcium, GCs maintained close communication with the oocyte in primordial follicles, similar to that in controls (Fig. 7, A and B) , and junctions remained intact, both between GCs and the oocyte and between GCs (Fig. 7, C and D) . However, in multilayered follicles, the TZPs between GCs and the oocyte retracted in the absence of calcium, and all contact was lost (Fig. 7, F and H) . The loss of contact was not due to apoptosis of either GCs or the oocyte, as these cell types were negative for TUNEL staining and active caspase-3 in ovaries cultured under both control and calciumfree conditions (Supplemental Fig. S5 ).
In the absence of calcium, E-cadherin, N-cadherin, and bcatenin were lost from the oocyte and GC membranes in primordial and transitional follicles (Fig. 7, I , J, M, and N). Cytoplasmic b-catenin and E-cadherin colocalized and accumulated close to the nucleus in the oocyte (Fig. 7J) .
E-cadherin and b-catenin were also lost from the oocyte membrane in larger follicles (Fig. 7, K and L) . b-catenin and N-cadherin were diminished in the apical surface of the GCs, particularly those which had lost contact with the oocyte, as well as between neighboring GCs (Fig. 7, O and P) .
Biotin Tracer Studies
Incubation of ovaries and testes in the presence of EZ-Link Sulfo-NHS-LC-Biotin confirmed the presence of a functioning blood-testis barrier in testes (Fig. 8A) . Biotin was observed in the interstitial spaces but did not enter into the tubules. In MORA ET AL. contrast, biotin freely entered into follicles at all stages and was observed between GCs, indicating that there is not a functional tight junction barrier present in follicles at any stage (Fig. 8, B-D) .
DISCUSSION
Cell Shape Change
Our histological and ultrastructural observations indicate that GC shape change is initiated by the ''zipping up'' of two adjacent GCs, resulting in wedge-shaped cells. The frequent observation of filopodia at the apical (oocyte) aspect of GC-GC interactions suggests that these may be involved in the onset of extending cell-cell contacts, as described in other cell types [46] . The presence of N-cadherin and nectin 2 at the transitional stage between wedge-shaped GCs implies that these proteins play a key role in cuboidalization. Both proteins appear to be expressed solely in the GCs as mRNA is barely detectable in isolated oocytes.
Organization of microtubules into bundles running parallel with the long axis of GCs is associated with cuboidalization of GCs, suggesting their involvement in maintaining GC shape in conjunction with cortical actin. It is likely that strong puncta of actin immunostaining indicate linkage of the cytoskeleton to AJs.
Intercellular Junctions Are Adherens Junctions
Ultrastructurally, with the exception of gap junctions, only one type of junction was observed between GCs, and GCs and the oocyte, which were characterized by increased electron density of the membrane and some opacity of adjacent cytoplasm. Similar junctions have previously been observed in follicles in a variety of mammalian species and have been variously described as zonula adherens junctions [43, 44] , puncta adherentia [42] , desmosomes, or maculae adherentes [40, 41] . This discrepancy in identification is not surprising as the junctions we observed resemble both AJs in mouse heart and preimplantation embryo [50, 51] and immature desmosomes in mouse fetal kidney [52] . Our results suggest that the junctions are AJs rather than desmosomes, as they do not exhibit the characteristic midline and extensive dense intermediate filament involvement. Furthermore, the intermediate filament protein cytokeratin 8 was minimally expressed from the primary stage onward, and classic markers of desmosomes 
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(desmoglein 2, desmocollin 2, and desmoplakin) could not be detected. We therefore conclude that these junctions are AJs.
The notion that these junctions are AJs is supported by examination of mRNA and protein for specific adhesion molecules. The AJ proteins b-catenin, N-cadherin, nectin 2, and afadin were expressed along the lateral membranes between GCs and at the oocyte-GC interface, their punctate expression reflecting our ultrastructural observations of discrete junctions. Expression of mRNA for other AJ components, including nectin 3 and a-catenin, was also observed in preantral follicles.
A number of proteins colocalized at the oocyte-GC interface, including b-catenin with E-cadherin, N-cadherin, afadin and ZO-1, and ZO-1 with afadin and N-cadherin, suggesting that these AJs are both nectin-and cadherin-based.
Follicles Lack Mature TJs
There was no evidence from the ultrastructure or from studies of mRNA and protein expression that mature TJs play a role in follicle function and development. Specific TJ proteins such as occludin and claudins 1, 3, and 11 were expressed apically in oviduct epithelia but not in follicles. Two TJ proteins that are expressed early during TJ formation, JAM-A and cingulin [48] , were expressed in follicles (although both at significantly lower levels in antral GCs than in oviduct). JAM-A is known to bind to afadin, but while afadin was strongly expressed in the oocyte membrane, JAM-A protein was never seen at this location.
The observation of the TJ-specific protein cingulin at the oocyte surface is intriguing. Cingulin protein has been observed previously in the cytocortex of mouse oocytes and early cleavage stage preimplantation embryos, prior to the formation of TJs. Its role at this site remains unknown, but it may be involved in structural organization of the cytocortex [53] .
The paracellular entry of biotin into the follicle further suggests a lack of mature functional TJs. This is surprising, in view of the expanding fluid filled antral cavity in later follicle development, and the role that TJs play in separating compositionally different fluid compartments and regulating paracellular permeability [54] . However, permeability of mammalian follicles to small molecule tracers has been previously observed at the ultrastructural level [40, 55] , and the absence of TJs in preovulatory rat follicles has been briefly noted [45] , further supporting our conclusions. It is possible that a more permeable seal is present between GCs to allow specific solutes and small proteins to traverse the avascular GC layers and access the growing oocyte and that the composition of follicular fluid is not dramatically different from serum.
Granulosa Cells Are Not Classic Epithelia
The developmental origin of GCs in the mouse is uncertain, although these cells are likely to be predominantly derived from the surface epithelium [56] . However, the lack of TJs and classic junction complexes in follicles suggest that pregranulosa cells and proliferating GCs are not truly epithelial. This is supported by a variety of results in this study. First, ZO-1 colocalized with AJ proteins, a pattern that normally occurs in cells that are nonepithelial. In epithelial cells, ZO-1 binds only to TJs and is expressed apically [57] [58] [59] [60] , as we saw in the oviduct and OSE. However, at regions of GC-GC contact in follicles, ZO-1 expression was more extensive.
The suggestion that GCs may not be epithelial is strengthened by the failure to detect both ZO-3 and the aþ isoform of ZO-1, which are specific to TJ-bearing epithelia [21, 61, 62] . Only mRNA for ZO-1a-was expressed in follicles, so we assumed that the antibodies used in this study were localizing this isoform. ZO-1a-is associated with more structurally plastic and dynamic cells expressing labile junctions, such as vascular endothelial cells, Sertoli cells, and kidney podocytes [61] . In the preimplantation mouse embryo, ZO-1a-is the first isoform to be expressed at the time of compaction, with ZO-1 aþ appearing only when other TJ proteins are expressed with the formation of the epithelial trophectoderm lineage [62] .
The ZO-1 protein has multiple domains that bind to a variety of adhesion molecules and to actin [19] . At the oocyte-GC interface, ZO-1 may play a role in cross-linking cadherincatenin and nectin-afadin complexes to each other and to the GC actin cytoskeleton, which extends to the oocyte surface through the TZPs. Similar interactions have been observed in other nonepithelial cell types [63, 64] .
Finally, other traditional markers of epithelia (cytokeratin 8, E-cadherin) were not detected in GCs of growing follicles. Furthermore, the detection of vimentin mRNA and protein (characteristic of mesenchymal cells) further indicated that GCs are not classic epithelial cells.
GCs Are Anchored to the Oocyte by Adherens Junctions
In follicles, lack of calcium resulted in the loss of calciumdependent E-cadherin and b-catenin from the oocyte membrane and reduction in N-cadherin and b-catenin in GC membranes. Despite this, integrity of primordial follicles was maintained with no separation of oocyte membrane from the enveloping GCs, while surrounding stromal and interstitial cells were disrupted. Furthermore, there was no disruption of junctions seen by transmission electron microscopy. This clearly demonstrated that calcium-independent adhesion molecules, such as nectin 2, play a key role in oocyte-GC interactions. Intriguingly, at the primary stage, concurrent with GC cuboidalization and the appearance of the zona pellucida and TZPs, contact between the oocyte and the GCs was dramatically lost when calcium was omitted. Our results suggest that with the loss of E-cadherin, b-catenin, and Ncadherin from the oocyte-GC interface, nectin alone is unable to maintain interactions. This is unsurprising, as nectin 2/nectin 3 interactions provide adhesion that is weaker than that of cadherin [28] . Although oocyte-GC gap junction signaling is required for normal follicle development [65] , the adhesive properties of GJs in the ovary have not been reported. We hypothesized that in the absence of cadherins, the tension produced along the long axis of the GCs by microtubules, along with the cortical actin, caused the TZPs to break contact with the oocyte surface and to retract. This further suggested that the cadherins at the oocyte surface are essential for maintaining the cuboidal GC shape and for tethering the actin/ microtubule cytoskeleton to the oocyte, providing a means of rotating the orientation of mitotic axes and enabling multilayering of GCs [3] . In addition to their role in GC-oocyte communication [66] , the TZPs could act as guy ropes, as in a tent, to hold the two cell types together.
E-cadherin Is Specifically Expressed in the Oocyte
E-cadherin was solely expressed in the oocyte. This was supported by several observations including the detection of Ecadherin mRNA in isolated oocytes, the total absence of Ecadherin mRNA in both follicles lacking an oocyte and in aspirated antral GCs, and finally the observation of punctate protein expression in the oocyte membrane but not between GCs at any stage of follicle development. This concurs with previous studies where E-cadherin has been localized in germ cells in oocyte nests in the fetal human and hamster ovary [29, 30, 67] and in the oocyte membrane of mature rat and human oocytes [68] [69] [70] .
In the oocyte, E-cadherin colocalized with b-catenin, both in the oocyte membrane and the ooplasm. b-Catenin binding to Ecadherin has been shown to be necessary for transport of newly synthesized E-cadherin to the membrane in other cell types [26] , suggesting that this is occurring in the oocyte.
Heterophilic Junctions Between Oocyte and GCs
Expression of E-cadherin solely in the oocyte raises the question of what it binds to in GCs. The role of specific cadherin expression in cell sorting has led to the view that cadherins bind homophilically in trans with each other [26, 71] . However, heterophilic cadherin binding is possible [72] , making this feasible in oocyte-GC interactions. The close juxtaposition of N-cadherin and E-cadherin expression at the GC and oocyte margins, respectively, indicates that this is likely to be the case. Similar heterotypic interactions appear to occur with nectin. Heterophilic binding of nectin 2 on Sertoli cells to nectin 3 on spermatids occurs in testis [73] . We see a comparable trend in ovary, with expression of nectin 3 being 5-fold higher in oocytes than in antral GCs, with nectin 2 mRNA almost undetectable in oocytes.
These findings, along with the observation of oocyteexpressed connexin 37 binding to GC-expressed connexin 43 [65, 74] , suggest that heterophilic junctions are a feature of adhesion between germ cells and surrounding somatic cells. The reason for this is not clear, but they may be important in the acquisition of somatic cells around oocytes during follicle formation.
Intracellular Signaling
We speculated that intracellular signaling molecules between intercellular junctions and the nucleus could regulate the increased proliferation previously observed in cuboidal GCs [3] . A number of junction-associated proteins are known as ''dual-residency'' proteins, which can reside either in the region of the membrane or in the nucleus, where they act as transcription factors or regulate gene expression [75] . Examples include b-catenin, ZO-1 and -2, and ZONAB. However, we saw no evidence of immunohistochemical localization of bcatenin, ZO-1, or ZONAB in the nuclei of the oocyte or GCs. Interestingly, ZONAB (also known as MSY3) was strongly expressed in oocyte cytoplasm. A related protein, YBX2 (also ADHESION IN OVARIAN FOLLICLES known as MSY2), has been localized to male and female germ cells and shown to serve as an RNA-binding protein, stabilizing mRNA [76] . It is possible that ZONAB plays a similar role in the oocyte. The high levels of mRNA for certain junction-related molecules in oocytes is likely to reflect maternal mRNA stores laid down during oogenesis [77] .
Characterization of Granulosa Cells During Follicle Development
Overall, it can be concluded that the major junctions between GCs are N-cadherin and nectin 2-based AJs. Furthermore, it appears that the GC-oocyte interface is characterized by heterophilic interactions between oocytespecific E-cadherin and GC-specific N-cadherin, and oocyteexpressed nectin 3 with GC-expressed nectin 2. The ZO-1, acatenin, and afadin cytoplasmic plaque proteins are important in these interactions and are likely to anchor the actin cytoskeleton to the AJs and cross-link adhesion molecules (Fig. 9) . The absence of nectin 2 at inner GCs in large follicles suggests that its downregulation is involved in development of an unpolarized phenotype, coupled with antrum formation.
In epithelia, ZO-1 is involved in the recruitment of TJ proteins such as occludin [18, 48] . As we did not see occludin expressed in GCs nor the expression of later TJ molecules such as claudin, we conclude that there are no TJs and no development of an impermeable mature epithelial junction complex characteristic of a typical epithelium. The permeability of follicles to biotin further confirmed a lack of TJs between GCs. Indeed, the lack of TJs and desmosomes led us to question whether GCs are truly epithelial. The lack in GCs of markers of classic epithelia such as cytokeratin 8, ZO-1aþ, ZO-3, and E-cadherin, coupled with the presence of mesenchymal markers such as N-cadherin and vimentin, support this contention. It was also observed that other proteins, such as ZO-1, do not segregate into the classic apical domains characteristic of epithelia (Supplemental Fig. S6) . Furthermore, the transition of phenotype of inner layers of the GCs closest to the oocyte from tightly packed polarized cells to loosely associated, more proliferative [3] , unpolarized cells is consistent with a partially mesenchymal phenotype. It has previously been suggested that cells in the corpus luteum, after ovulation, have undergone an epithelial-mesenchymal transition (EMT) [78] . We suggest that this transition occurs earlier and that GCs undergo a partial and contained EMT which is only completed at ovulation with the rupture of the basal lamina and subsequent formation of a corpus luteum. Such a transition in normal adult tissue is unusual, as EMT generally occurs during development or tumor progression. Follicles could therefore potentially provide a useful model of developmentally regulated EMT taking place in adult tissue, as opposed to the disregulated EMT that occurs in cancer.
This study identifies adherens junctions as a key adhesion complex in the early growing mouse follicle, and provides evidence that GCs are not, as previously thought, a classic epithelium. Future investigations on the regulation of GC shape change should focus on the regulation of expression of adherens junction proteins such as N-cadherin, nectin, and afadin, as well as proteins involved in polarity, cell shape, and downstream signaling from these junctions.
